Abstract. Water cluster ion intensity and distribution is affected by source conditions in direct sample analysis (DSA) ionization. Parameters investigated in this paper include source nozzle diameter, gas flow rate, and source positions relative to the mass spectrometer inlet. Schlieren photography was used to image the gas flow profile exiting the nozzle. Smaller nozzle diameters and higher flow rates produced clusters of the type [H + (H 2 O) n ] + with greater n and higher intensity than larger nozzles and lower gas flow rates. At high gas flow rates, the gas flow profile widened compared with the original nozzle diameter. At lower flow rates, the amount of expansion was reduced, which suggests that lowering the flow rate may allow for improvements in sampling spatial resolution.
Introduction
T he direct sample analysis (DSA) ionization source represents a modified form of atmospheric pressure chemical ionization (APCI), operating on the basis of a corona discharge in nitrogen at atmospheric pressure. Other common ambient ionization sources operating on the principles of APCI include desorption atmospheric pressure chemical ionization (DAPCI) [1] and atmospheric solids analysis probe (ASAP) [2] . DAPCI and ASAP sources have been used for a variety of analyses, including explosives [3] , food products [4] , pharmaceuticals [5, 6] , and samples of biological origin [7] [8] [9] [10] . These APCI type sources are thought to produce analyte ions primarily through a thermal desorption and proton transfer type mechanism involving the formation of protonated water clusters [11, 12] , through the well-known APCI ionization cascade [13, 14] .
Presented in this work is an examination of various DSA source conditions and their effect on water cluster ion formation. Variables examined include nozzle internal diameter, source position relative to the mass spectrometer inlet (vertical and horizontal), and gas flow rate. Water cluster ion formation was monitored by a single quadrupole mass spectrometer.
Schlieren photography was used to observe and evaluate how changes in source conditions impact the gas flow profile produced by the source, and how the gas flow profile relates to ion transmission at the mass spectrometer interface.
Schlieren photography allows for the visualization of transparent media based on differences in refractive index, causing a distortion of light, within that media. Despite the small difference in refractive index between nitrogen and air [15] , the increased temperature of the nitrogen gas used by the DSA relative to the cooler surrounding air provides a significantenough change in refractive index for the gas flow to be observed using schlieren photography.
In the field of ambient mass spectrometry, schlieren photography has been used to study helium flow and mass transport properties of a flowing atmospheric pressure afterglow source [16] [17] [18] and to visualize flow from a direct analysis in real time source coupled with atmospheric pressure drift tube ion mobility spectrometry [19] .
Experimental

Direct Sample Analysis (DSA)
The DSA (PerkinElmer, Waltham, MA, USA) consists of a combined ionization source and sampling platform. A schematic representation of the source can be found in Fig. 1 ; in this configuration the source is open to the laboratory environment.
The source is composed of a heating element and thermocouple, nebulization and auxiliary gas inlets, reagent/ solvent introduction probe, and corona discharge electrode. Nitrogen is introduced into the system, where it is heated and directed past the discharge electrode that is arranged in a wire-cylinder configuration. This cylinder also functions as the nozzle, to direct the flow of gas. The discharge electrode is oriented at a 45°angle relative to the heater and gas assembly. Operating the DSA requires the use of an extension for the inlet capillary. The extension is made from stainless steel with a length of 34 mm and an internal diameter of 2 mm. Under standard conditions, the source can be adjusted so that the distance between the nozzle and inlet of the mass spectrometer is between 10 and 25 mm. The source is attached to a robotic sampling platform that can introduce samples via a 13-spot stainless steel mesh screen. Each mesh spot forms a circular sampling region with a diameter of 9.5 mm.
The source was operated in positive mode. To initiate and maintain the positive corona discharge, a current of 5 μA was applied to the electrode and the voltage was allowed to vary to maintain the current. The heater element was set to 300°C. No additional water or reagents were added to the system. The relative humidity of the laboratory, measured using a digital sling psychrometer (General, New York, NY, USA), varied between 56% and 58%. Nitrogen gas was supplied from an in-house nitrogen generation system (Parker, Cleveland, OH, USA) at 80 pounds per square inch (psi) unless otherwise stated. Mass flow control was not used. Supplied nitrogen was dried to a dew point of -50°C and had a purity of ≥99.0%. An anemometer (Extech, Nashua, NH, USA) was used to measure the linear velocity of the gas flow from each nozzle.
Mass Spectrometer
A PerkinElmer SQ 300 single quadrupole mass spectrometer was used to monitor background reagent ions as source conditions were changed. The mass spectrometer was operated in positive mode and calibrated with Agilent APCI-L low concentration tuning mix (Agilent Technologies, Santa Clara, CA, USA) prior to data acquisition. Tuning parameters established by the mass spectrometer resulted in an effective mass range of 30-100 Da. The capillary entrance and endplate voltages were both set to -1000 V. A nitrogen curtain gas flowing at 2 L·min -1 at 25°C was used. All parameters of the source were optimized through the mass spectrometer software, SQ 300 MS Driver ver. 2.2.
Nozzles
The DSA is not manufactured with interchangeable source nozzles; however, reducing nozzle diameter is investigated here to determine the feasibility of improving sampling spatial resolution. Four nozzles with decreasing internal diameters were utilized. The stock nozzle from the source was replaced with one that had external threads that served as the base to mount additional nozzles. Components for the nozzles consisted of stainless steel Swagelok gas fittings (Swagelok, Solon, OH, USA) and HPLC ferrules and tubing (IDEX Health and Science, Oak Harbor, WA, USA). Nozzle 1 had the same internal diameter as the stock nozzle, 4.8 mm; nozzles 2, 3, and 4 had smaller internal diameters of 3.2, 1.5, and 0.5 mm, respectively. Photographs of the nozzles can be found in Figure S1 of the supplementary material [ESM1].
Schlieren Experimental Setup
The schlieren experimental setup was arranged in a simple, cost effective, single mirror off-axis configuration [20, 21] . A schematic representation of the schlieren experimental setup in relation to the source can be found in Fig. 1 . The concave spherical mirror, (Edmund Optics, Barrington, NJ, USA), had a diameter of 150 mm and a 1500 mm focal length. The light source consisted of a LED flashlight (EAGTAC, East Wenatchee, WA, USA) producing 200 lumens, which was modified to only allow light through a hole approximately 0.6 mm in diameter. The light source was placed off-axis at twice the focal length of the mirror. A razor blade was used to create a knife edge at the focal point just before the camera, a Canon EOS Rebel T2i (Canon, Melville, NY, USA) with a 300 mm telephoto lens. The source was placed directly in front of the mirror in the test region. The degree of light cutoff was controlled by moving the razorblade vertically in the path of the light. The amount of cutoff was approximately 50%. For the schlieren experiments, the source was removed from the sampling platform to allow for proper positioning of the mirror. + where n = 2, 3, and 4, respectively. For this experiment, the distance was fixed at 25 mm, the maximum adjustable distance, to allow clear visualization of the gas flow as well as access to change the nozzles.
Schlieren photographs of the gas stream produced by each of the four nozzles are shown in Fig. 2 . The gas flow profile from all nozzles expanded at the mass spectrometer inlet, relative to the original nozzle diameter. As nozzle internal diameter was reduced, the streams became more confined; however, no nozzle produced a gas stream of uniform diameter. From the schlieren photographs, spray half angles of 24°, 21°, 10°, and 7°were estimated for nozzles 1-4, respectively.
The relationship between nozzle internal diameter and water cluster intensity and distribution is represented graphically in Fig. 3a . As nozzle internal diameter decreased, the summed intensity of the three observed water clusters increased, reaching a maximum intensity with nozzle 3, followed by a drop in intensity with nozzle 4. This trend was also followed by the linear velocity of the gas exiting each nozzle. The linear velocity increased from 2.2 to 3.0 to 4.3 m·s -1 for nozzles 1, 2, and 3 respectively, with a drop in velocity to 1.6 m·s -1 for nozzle 4.
The reduction in linear velocity observed with nozzle 4 has been attributed to gas leaks within the system that were observed in the schlieren photographs (Supplementary Figure S2) . These leaks are likely caused by the increased pressure within the system attributable to the small diameter nozzle. The source may not be gas tight, and there are points within its construction where gaps may exist, such as the ceramic insulators that form the electrode body and the joint between the heater body and electrode. Linear velocity alone does not account for the observed trends in water cluster ion intensity and distribution. For example, nozzles 1 and 4 produced comparable overall cluster intensities despite having different linear gas velocities. An additional factor in the production of water clusters is the density of the initial reactive nitrogen species within the nitrogen gas flow that begin the APCI cascade. As nozzle internal diameter is reduced, the density of the nitrogen species within the gas stream increases, resulting in the production of more water clusters in a reduced volume. The higher concentration shifts the equilibrium of the APCI clustering reaction to larger clusters. This is evident in the data as the base peak in the spectra for nozzle 1 is m/z 37; however, for nozzles 2-4 the base peak becomes m/z 55. Additionally, comparing cluster intensity produced by nozzles 1, 2, and 3, m/z 37 consistently decreases in intensity while m/z 55 and 73 increase.
Another effect of decreasing nozzle internal diameter is the reduction in additional background signal. For example, m/z 42, attributed to the protonated form of acetonitrile from surrounding HPLC instruments, appears as a dominant peak in spectra produced by nozzle 1. However, the intensity of m/z 42, also included in Fig. 3a , gets smaller and almost disappears as nozzle internal diameter is reduced.
The shift in equilibrium to larger clusters results in a higher overall proton affinity for the reagent ion system. It is known that as protonated water clusters increase in size, so too does the proton affinity (PA) of the cluster [22] [23] [24] . The calculated PAs of the observed clusters, n = 2, 3, and 4 are 832, 888, and 919 kJ·mol -1 , respectively [23] . Therefore, it is unlikely that proton transfer to acetonitrile, PA 779 kJ·mol -1 [25] , occurs from any of these species.
Although not observed under these mass spectrometer tuning parameters, the presence and response to changes in nozzle diameter of [H + (H 2 O) n ] + , n = 1, can be inferred from the response of m/z 42. The proton affinity of water, 691 kJ·mol -1 [25] , is lower than that of acetonitrile; therefore, proton transfer from [(H 3 O)] + to acetonitrile is the likely route for ionization. Following the trend of shifting cluster equilibrium, the amount of formed [(H 3 O)] + , and subsequently the amount of ionized acetonitrile, decrease with decreasing nozzle internal diameter. As a result, larger water clusters are produced in greater number, reducing the amount of acetonitrile that is ionized and detected. Additionally, the reduction in intensity of the acetonitrile signal may also result from the increased velocity and in the force of the nitrogen gas stream, which serves to limit the influx of atmospheric volatiles.
Distribution and Intensity of Clusters between Source and Inlet
To investigate the intensity and distribution of the clusters over the adjustable distance, the source was moved linearly relative to the inlet of the mass spectrometer. The nozzle of the source was positioned in line with the inlet of the mass spectrometer at to a position of 25 mm. Over the distance of 10 to 25 mm the cluster ion signal for nozzles 1, 2 and 3 increased until a maximum was reached. Maximum signal was considered to be the point at which the sum of the intensities of the clusters was greatest. Nozzles 1 and 2 reached maximum signal approximately 22 mm from the inlet while nozzle 3 was closer at approximately 19 mm. Nozzle 4 exhibited maximum intensity at the initial 10 mm distance, with a decrease in signal as the distance increased to 25 mm. Nozzles 1 and 2 likely have the same maximum intensity distance due to their similar spray half angles, which produces a similar volume of gas at that distance. Extracted ion chromatograms (EICs) can be found in Supplementary Figures S3-S6. A plot of the maximum signal intensities at the observed location for each nozzle is shown in Fig. 3b . Overall, nozzles 3 and 4 produce comparable maximum ion intensity, but at different distances with a different distribution of water clusters. Supporting the shift in clustering equilibrium, m/z 37 decreased with decreasing nozzle diameter as larger clusters are formed. The base peak for nozzles 2, 3 and 4 remains m/z 55, however, the intensity of m/z 55 begins to drop with nozzle 4. Despite the drop in intensity of m/z 37 and 55, the intensity of m/z 73 increased from nozzle 3 to 4, indicating that the equilibrium continues to shift toward larger clusters. Also plotted in Fig. 3b is the intensity of m/z 42, which again decreases with decreasing nozzle diameter until it is no longer detected in the spectra of nozzles 3 and 4.
The observed initial rise in signal for nozzles 1-3 is likely due to increased mixing with the atmosphere as the gas volume increased between the nozzle and inlet. Nozzle 4 had the lowest gas linear velocity, which resulted in reduced mass transport to the mass spectrometer at the larger distances and, therefore, no increase in signal was observed.
Distribution and Intensity of Clusters within the Vertical Gas Profile
The schlieren photographs show that the gas flow profile produced by the nozzles is not uniform and expands as it reaches the mass spectrometer. In order to investigate the intensity and distribution of water cluster ions at different positions within the gas stream, the source was moved vertically relative to the inlet of the mass spectrometer. Initially, the source was positioned at 10 mm above center. The source was then lowered in 5 mm increments to 10 mm below center. For each nozzle, the source was placed at the distance where maximum signal was observed. Figure 4 contains the schlieren photographs and corresponding mass spectra for nozzle 2 at different height positions. Despite the wider gas flow profile and visible overlap of the inlet at the off-centered positions, maximum water cluster ion intensity was observed when the source was centered. Nozzle 2 showed a large disparity in cluster ion intensity between the centered and off-centered positions, with m/z 55 decreasing approximately 40-fold in intensity. Additionally, at the ±5 mm position the distribution of water clusters shifts back to smaller clusters with an increase in intensity of m/z 42. At the ±10 mm, no signal was observed for any nozzle. The effect at the edges is not as drastic with nozzle 1; the intensity of m/z 55 is approximately 2-to 3-fold lower when the source is ±5 mm off-center. At the ±5 mm position, very little signal is observed from nozzle 3, and no signal is observed for nozzle 4. For all nozzles, the overall background and total ion intensity is lower in the off-centered positions. Mass spectra of the remaining nozzles can be found in Supplementary Figures S7-S9 . The observed trends show that even with the large nozzles and wide gas flow profiles, the reactive nitrogen species and ultimately the bulk of the produced water clusters remain in the center of the gas flow. Sample placement and alignment on the mesh screens used with the DSA will become more critical as nozzle diameter is reduced.
Effect of Gas Flow Rate on Water Cluster Ions
For this experiment, the source was positioned at the location where maximum water cluster ion signal was observed. Gas flow rate was reduced by decreasing the nitrogen pressure in discrete increments of 10 psi every minute from 80 to 20 psi. As was expected, the general overall trend was a decrease in signal intensity for each ion with decreasing flow rate. The EICs for the water cluster ions produced by nozzles 1 and 3 are shown in Fig. 5 , along with schlieren photographs at 80 and 20 psi of supplied nitrogen.
As flow rate is reduced, the amount of reactive nitrogen species being produced also decreases. The reduction in reactive nitrogen species resulted in decreasing water cluster production and a change in cluster equilibrium. Indicative of the shift to smaller clusters, as the flow rate was reduced with nozzle 1, the intensity of each of the observed water clusters decreased while the intensity of m/z 42 increased. From this increase in m/z 42, it is inferred that the amount of [(
+ is also increasing. The intensity of m/z 42 reaches a maximum, then decreases as the lower flow rates result in reduced mass transport to the mass spectrometer.
Spectra recorded from nozzle 2, Supplementary Figure S11 , also show an increase in m/z 42 with decreasing flow rate and a crossover point from a base peak of m/z 55 to 37. Spectra recorded from nozzle 3 show a slight decrease in water cluster intensity as flow rate is decreased, and no crossover point. The distribution of clusters remains the same over the entire flow rate range, except for a slight increase in m/z 42 at the lowest flow rate.
Studying the schlieren photographs of the gas profile for each nozzle reveals that nozzle 3 visually produces the most uniform gas flow profile of the four nozzles. The stability of the ion signal produced by nozzle 3 is attributed to the uniform gas flow. Nozzle 4 shows a similar consistency in ion intensity for the first three pressure data points, Supplementary Figure S13. This is followed by a rapid decrease in intensity, likely the result of poor gas flow through the nozzle at lower system pressure. EICs for nozzles 2 and 4 as well as additional schlieren photographs for all nozzles can be found in Supplementary  Figures S10-S13 .
Conclusion
Smaller nozzle diameters and higher gas flow rates promote the formation of higher order water clusters and, as a result, higher bulk proton affinity of the reagent ion system. Conversely, lower flow rates and larger nozzle diameters result in lower order clusters and lower system proton affinity. By balancing gas flow rate and nozzle diameter, it may be possible to achieve some level of selectivity when using the DSA. The schlieren photographs show that as flow rate is reduced, so too is the amount of expansion of the gas flow profile. Therefore, to increase spatial resolution, smaller nozzle diameters and low flow rates should be used, although this may result in reduced sample mass transport to the mass spectrometer.
Further work is needed to determine if sample placement at the location of observed maximum water cluster intensity results in optimum analyte signal. Cluster intensity is not the only factor involved in ionization. An important factor for future investigation is the gas temperature at different regions within the gas flow profile because of its important role in the analyte desorption process leading to ionization.
